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Ill  OiSiRVAflONS  OF  RADIO  ;SfAR  SGINTILLAf IONS 

DURINO  AURORA 
by 

Robert  P*  Ben soft 


1*  Introduction 

In  the  course  of  an  investigation  of  radio  star  scintilla*- 
tlons  in  Ingland^  Little  and  Maxwell^  found  the  scintillations 
to  be  enhanced  during  intense  auroral  activity  but  to  be  un- 
affected  by  a  stable  auroral  arc  slowly  moving  across  the  line- 
of- sight  to  the  radio  star,  fhe  observations  at  the  Geophysical 
Institute  of  the  University  of  Alaska,  located  within  the  auroral 
zone,  show  a  significant  correlation  between  radio  star  scintilla 
tion  amplitude  at  223  Me  and  the  occurrence  of  aurora  The 
experimental  evidence  indicates  that  aurora  is  always  accompanied 
by  radio  star  scintillation  whereas  the  converse  is  not  true* 
These  results  were  obtained  from  a  statistical  analysis,  both  on 
a  daily  basis  and  on  an  hourly  basis,  of  scintillation  and  all= 
sky  camera  auroral  data  for  the  winter  of  1937-58  and  for  Sept* 
ember  193^»  On  the  basis  of  these  results,  it  seemed  profitable 
to  look  more  closely  at  individual  recordings  showing  unusual 
Scintillation  or  auroral  activity*  This  section  presents  some 
preliminary  results  of  this  study. 

Auroral  data  wore  obtained  from  the  an -sky  camera  at  College 
This  camera  photographs  the  entire  sky,  with  the  exception  of  a 
small  region  in  the  zenith,  once  a  minute  on  Kodak  trl*x  film 
using  a  13  soGond  exposure.  Elevation  is  indicated  by  small 
lights  every  10*  in  the  geomagnetic  E*w  direction  and  every  30® 
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in  the  geomagnetiG  N-S  direction  (Pig.  III. 2). 

2.  Observations 

Buring  Noverafeer  and  peceiftfeer  of  1959  the  radio  sourGe  in 
Cassiopeia  was  traoked  continuously  with  the  233  Mo  phase -switch 
interferometer  in  an  effort  to  determine  the  effect  of  aurora  in 
the  llne-of -Sight  on  the  scintillations  of  the  radio  star  signal. 
A  minute  to  minute  correlation  was  sought  between  the  all-sky 
camera  records  and  the  observed  star  scintillations,  several 
cases  were  found  where  auroral  forms  apparently  had  a  direct 
effect  on  scintiliation  activity.  This  effect  was  most  pro¬ 
nounced  if  the  level  of  scintillation  activity  was  low  before 
the  auroral  fo^in  crossed  the  star  position. 

During  the  period  of  observation,  the  radio  star  was  high 
in  the  southern  sky  and  neai*  the  geomagnetic  zenith  (13’  south 
of  the  geographic  zenith  at  College),  fhe  auroral  forms  crossing 
the  llne-of -sight  were  very  active,  as  is  often  the  case  with 
aurora  near  the  zenith  at  College. 

Two  nights,  November  26  and  30  were  of  special  Interest. 

On  26  November,  during  an  active  auroral  display,  a  long-dura- 
tion  fade  of  the  radio  star  signal  was  observed  on  the  223  Me 
phase-switch  interferometer.  Long-duration  fades  have  been  ob¬ 
served  previously  at  College,  and  have  been  discussed  exten- 
sively  elsewhere  .  They  are  characterized  by  an  almost  com¬ 
plete  disappearance  of  the  sinusoidal  trace  produced  by  the  radio 
star  on  the  phase -switch  interferometer  record,  and  may  last  for 
as  long  as  an  hour  in  extreme  cases.  Their  cause  has  been 
attributed  to  the  occurrence  of  angular  deviations  greater  than 
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the  iobe«wldth  of  the  interferometer  pattern^  eoupled  with  the 
irregularities  becoming  smaller  in  angular  size  than  the  source 
(Cassiopeia^  angular  diameter  4’)* 

Figi  lll*l  shows  the  loi^ duration  fade  as  seen  on  the 
223  Mg  phase-switGh  record*  letween  20’58  and  2107  the  char- 
acterlstic  Sinusoidal  trace  can  be  seen  to  di^ppear  coinciding 
with  a  period  of  intense  scintillation*  Auroral  activity  began 
at  2039  on  this  night >  and  individual  all^sky  camera  frames  from 
2044  through  2113  are  presented  in  Fig*  III* 2*  A  great  increase 
in  the  Scintillation  activity  is  observed  as  the  rapidly  moving 
aurora  crosses  the  star  position,  which  Is  Indicated  by  the 
white  circle  slightly  to  the  left  of  center  on  each  frame.  The 
auroral  activity  shown  in  Fig*  III* 2  can  be  summarized  as 
follows; 

2044*2057  active  auroral  form  occasionally  passing 
through  Star  position 

2058*2059  Intense  band  through  star  position 

2100*2101  slight  breakup  and  swirl  of  activity 

2102*2107  high  point  of  band  is  very  stable  and  passes 
through  star  position 

2108*2109  band  moves  to  the  south  of  the  star  position 

2110*2113  aurora  remains  south  of  star  position 

The  shift  in  the  band  away  from  the  star  position  coincides 
exactly  with  the  recovery  of  the  sinusoidal  trace  in  the  Inter* 
ferometer  record. 

An  Investigation  of  the  riometer^  data,  which  Is  a  contin* 
uous  presentation  of  the  intensity  of  27.6  Me  galactic  radio 
waves.  Indicated  that  no  noticeable  increase  in  the  absorption 


at  27.6  Me  was  present  during  tile  long^^duratlon  fade,  fhe  rio- 
meter  uses  an  antenna  with  a  heamwidth  of  aPout  60®  by  100*  and 
thus  measures  the  integrated  absorption  over  a  large  area  of  the 
sky»  This  eould  explain  the  laek  of  absorption  assoelated  with 
the  narrow  auroral  band  durir^  the  above  event. 

All-sky  eamera  records  corresponding  to  the  times  of  pre¬ 
vious  observations  of  long-duration  fades  were  examined,  but  no 
Gonolusions  could  be  reached  because  of  poor  records  caused  by 
cloudy  Gonditions  or  instrumentation  dlfflGultieSi 

On  36  November^  both  aurora  and  radio  star  scintillations 
were  present  intermittently  during  most  of  the  night.  One 
active  auroral  sequence  is  presented  in  Pig*  1II*3>  and  the 
corresponding  section  of  the  phase-switch  interferometer  record 
is  presented  in  Pig*  ill* 4,  The  aurora  at  §112  shows  a  definite 
change  in  shape  from  the  previous  forms  and  is  beginning  to 
cross  the  star  position.  On  frames  §113>  §114,  §115>  and  §116 
the  aurora  is  extremely  intense  and  is  directly  in  the  line  of 
sight  to  the  radio  star*  Corresponding  to  this  transition  in 
the  aurora  at  §112,  there  was  an  onset  of  heavy  scintillation 
activity  marked  by  an  extremely  deep  scintillation.  This  seln" 
tlllation  occurred  at  the  'zero  crossing’  of  the  sinusoidal 
trace,  vfhen  the  signals  at  the  two  antennas  of  the  interferometer 
were  in  phase  quadrature.  At  these  zero  crossings  the  senslt* 
ivity  of  the  phase-switch  interferometer  drops  to  zero,  so  that 
this  particular  scintillation  can  best  be  interpreted  as  an 
'angular  sclnt illation’  i*e,,  a  temporary  deviation  of  the 
apparent  position  of  the  star  by  approximately  one-quarter  of 
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the  interferometer  lobe^wldth  (ahout  10  minutes  of  arc  for  the 
antema  spacini  of  loo  yards).  Also  starting  at  2112>  the  rio^ 
meter  indicated  a  sudden  4  dh  increase  in  the  absorption  at 
87*6  Me  indicating  the  appearance  of  large  amounts  of  ionization 
at  low  levels  in  the  ionospherei  the  absorption  reached  a  max¬ 
imum  of  10  db  at  8125, 

During  both  of  the  above  nights,  as  well  as  the  other  nights 
studied,  there  were  cases  when  intense  rapidly  moving  auroral 
forms  crossed  the  star  position  with  no  noticeable  effect  on  the 
scintillation  activity.  These  were  usually  periods  in  which  high 
scintillation  activity  was  present  before  the  aurora  appeared, 
or  before  the  aurora  crossed  the  star  position,  so  that  the 
effect  of  the  aurora,  if  any,  was  difficult  to  identify, 

3.  Conclusions 

The  data  presented  for  86  and  30  November  show  clearly  that 
the  presence  of  aurora  in  the  line -of -sight  to  the  radio  star  can 
directly  affect  the  observed  scintillations  of  the  radio  signal. 
The  observations  do  not  imply  that  the  irregularities  giving  rise 
to  the  scintillations  were  located  at  the  same  level  as  the  most 
intense  portion  of  the  visual  aurora  v/hlch  was  probably  located 
in  the  nieghborhood  of  100  km.  It  is  emphasized  that  the  all--sky 
camera  and  interferometer  records  for  the  two  special  events  re*- 
produced  in  this  section  Indicate  that  the  onset  of  the  line -of *- 
sight  aurora  and  the  onset  of  the  extreme  changes  in  the  scin¬ 
tillation  records  were  separated  by  at  most  one  minute. 
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Fig,  ill, 2  All -sky  camera  photographs  from  2044-2113  150°  WFIT 
on  26  IJpyember  1959.  The  radio  source  in  Cassiopeia  is  indicated 
by  the  v/hite  circle  near  the  center  in  each  photograph,  Geomag^ 
netic  north  is  to  the  right. 
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IV  RADIO  SfAR  SGlNTlLLAflONS  AND  SPRIAD  F 

fey 

Z»  Ai  All  sari 


1»  Introduc t Ion 

It  is  geharally  Relieved  that  radio  star  seintillatlons  and 
sipread  P  are  Gaused  by  some  sort  of  scattering  mechanism  from  the 
irregularities  of  the  ion  density.  The  former  is  essentially  a 
forward  SGattering  phenofflenon  while  the  latter  is  profeafely  a 
Combination  of  both  forward  and  back  scattering*  It  is  quite 
possifele  that  the  irregularities  of  ion  density  rGsponslfele  for 
spread  F  may  be  different  from  those  which  are  responsible  for 
radio  star  SGintillatlons  but  with  the  present  state  of  our 

knowledge  It  is  generally  thought  desirable  to  assume  a  common 

1  .  -  2 
origin  of  the  irreguTarities' .  At  Cambridge,  Ryle  and  Hewish  -, 

and  at  Manchester,  Little  and  Maxwell^,  a  high  correlation  was 

found  between  radio  star  SGintiliation  and  spread  F  but  in 

k 

Australia,  lolton,  Slee  and  Stanley  observing  at  low  angles  of 
elevation  did  not  find  any  correlation  between  amplitude  scln* 
tillatlons  and  spread  F,  A  partial  correlation  was  found,  however, 
by  Mills  and  Thomas^  in  Australia  between  fluctuation  Index  and  a 
measure  of  F=region  activity,  which  In  part  includes  spread  F 
activity  also,  Hartz  in  Canada  after  making  a  simultaneous  study 
of  radio  star  seintillatlons  and  spread  F  at  Ottawa  found  no  def- 
Inite  correlation  between  the  two.  He  found  a  considerable  angle 
of  elevation  dependence  In  the  data  l,e,  at  low  angles  of  eleva* 
tlon  scintillations  occured  more  frequently. 
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Method  of  Analysis 

fhe  actual  procedure  of  estlmatlhg  spread  toy  visual 
inspectlofi  was  given  up  in  favor  of  a  more  ^antitatlve  method 
based  on  the  actual  amount  of  spread  in  Mc/s  ffleasured  from  the 
ionograms.  It  may  be  pointed  out  here  that  at  high  latitudes 
this  method  is  most  suitable  owing  to  the  fact  that  the  iofto- 
grams  show  very  well  defined  inner  and  outer  edges  and  hence  the 
amount  of  spread  can  be  measured  accurately, 

A  fine  spread  P  index  scale  from  o  to  f  was  used,  spread  P 
index  was  taken  to  be  proportional  to  the  total  spread  which  is 
defined  as  Pollows; 


Total  spread  =  spread  in  the  ordinary  branch  +  spread  in  extra-¬ 
ordinary  branch. 


The  description  of  the  s 

cale  is  as  follows 

1  • 
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tl 
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8 
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tl 
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9 

>  4.3  ”■ 

Radlo-star  scintillation  data  taken  at  College,  Alaska  at  22^  and 
k^S  Me/s  was  available  for  April  through  September  1958,  The 
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data  was  not  oontlntioua  as  each  one  of  the  sounGes  Cygnus  on 
Cassiopeia  was  tracked  continuously  1‘dr  four  days  and  then  the 
other  source  started»  Amplitude  scintillations  indices  ohtained 
by  visual  inspection  of  scintillations  records  were  available  for 
comparison  with  spread  F  indices*  Result  of  the  Gomparlson  is 
showed  in  Pig,  lv*l»  It  appears  as  if  no  definite  correlation 
between  the  two  phenomenon  exists* 
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"ig.  i¥.l  Radio  Star  Scintillations  and  Spread  F  at  College. 


V  SGlNTILLAflON  Of  SAflLLIfi  RADIO  SIGNALS 
IM  THE  AURORAL  ZONE 

fey 

Roy  P*  BasleJ’  arid  Ronald  N*  DeWltt 


li  IntrodiiGtion 

fhe  presenoe  of  electron  density  irregularities  in  the  iono¬ 
sphere  has  feeen  well  estafelished  by  ofeservations  of  sointllla- 

tlons  of  radio  stars>  but  the  height  at  whiGh  these  irregular- 

1 

itles  oGcur  has  been  a  subieet  of  some  Gontroversy  *  As  a  new 
approach  to  this  subjieot,  studies  based  on  satellite  radio  trans* 
missions  have  been  made  in  several  different  parts  ©f  the  world. 

_  _  -  g  _ 

In  Australia,  Slee  Goneluded  that  the  irregularities  must  lie 

3 

below  350  Km«  from  observations  made  in  England,  Kent  plaoed 

their  height  above  230  km  and  deeided  they  were  probably  most 

Goneentrated  between  tfo  and  320  km.  in  Illinois,  Yeh  and 
4  - 

Swenson  observed  scintillations  which  they  GOnoluded  were  pro¬ 
duced  by  irregularities  lying  between  20O  and  300  km* 

Evidence  is  presented  v?hich  sugfests  that  the  inhomogenetles 
responsible  for  the  violent  fluctuations  in  the  satellite  radio 
signal  strength  recorded  in  College#  Alaska#  are  distributed 
from  i45  to  1000  km  although  they  are  relatively  sGaree  above 
600  or  700  km. 

2.  Direct  Measurement  of  Heights 

The  65°  latitude  of  Qoiiege  was  very  nearly  equal  to  the 
orbital  inclination  of  the  satellite  195^^2#  so  when  the 
satellite  passed  overhead  at  College  it  traveled  in  a  west-east 
direction.  On  the  ground,  the  diffraction  pattern  caused  by 
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lonospherlG  irregiilaritles  moved  in  an  east  “West  direGtion  witn 
a  veloGity  detemined  by  the  ratio  of  the  satellite's  height  to 
the  height  of  the  irregularities,  thus,  if  the  ground  velocity 
of  the  dlffraetion  pattern  could  tee  determined>  and  if  the 
satellite's  height  and  velocity  were  known^  the  height  of  the 
irregularities  could  be  measured  directly  by  simple  geometry  * 

A  small  error  was  introduced  by  ionospherie  refraction^  but 
correction  for  this  did  not  seem  warranted  in  view  of  the  limited 
accuracy  of  the  measurements. 

The  measurements  were  made  using  two  receiving  stations 
separated  by  I9  km  on  an  east^west  line,  Each  station  employed 
a  circularly  polarized  ''turnstile”  antenna  to  reduce  the  effects 
of  Faraday  rotation  while  the  satellite  was  near  overhead,  fhe 
satellite's  20  Mc/s  signal  strength  was  oteserved  by  recording  the 
AGC  voltages  of  Collins  511^^  receivers  on  Sanborn  recorders  with 
chart  speeds  of  either  5  or  10  mm/sec.  Since  the  recording  sta¬ 
tions  were  independent,  a  means  for  supplying  synchronous  time 
marks  was  necessary.  This  was  provided  by  a  narrow  band  fre» 
quency  modulated  radio  link  that  actuated  the  time*mark  system 
at  each  iocatlon.  To  simplify  the  operation  of  the  remote  sta- 
tlon^  a  radio  operated  control  system  was  devised  which  was  also 
actuated  by  tones  carried  by  the  time-mark  radio  link. 

The  choice  of  a  relatively  large  separation  between 
receiving  stations  precluded  the  possibility  of  using  the  fine 
detail  of  the  diffraction  pattern  for  height  determinations,  so 
height  measurements  could  only  be  made  when  some  gross  feature  of 
the  pattern  could  be  identified  on  both  recordings,  Typlcaliy^ 


this  feature  was  a  sudd'en  onset  of  sointillation,  or  in  some 
cases,  an  abrupt  iftGrease  in  the  rate  or  amplitude  ©f  the  flue* 
tuation#  A  typical  example  of  records  from  which  one  of  these 
measureffients  was  made  is  shown  in  Fig,  v*l, 

the  time  difference  between  the  appearanGe  of  a  feature  at 
the  west  and  the  east  station  was  measured,  and  the  height  of 
the  irregularities  was  computed  using  the  relation 

vT  ^  H  -  h 

L  ~  h 

where  M  is  the  height  of  the  satellite^  h  is  the  height  of  the 
irregularities i  L  is  the  distance  between  receiving  statlons>  v 
is  the  satellite’s  velocity,  and  f  is  the  time  taxen  by  a  fea* 
ture  of  the  diffraction  pattern  in  traversing  the  distance  b. 
the  height  and  velocity  of  the  satellite  were  determined  from 
information  supplied  by  the  gmithsonian  Astrophysical  Observ* 
atory’s  Satellite  f racking  program* 

The  results  of  these  measurements  are  given  in  fable  V.I, 

The  two  heights  listed  in  each  instance  indicate  the  limits 
imposed  by  the  possible  error  in  the  measurement  of  T,  the  dlf-^ 
ference  in  time  of  occurrence  at  the  two  stations.  The  heights 
measured  fall  in  the  range  from  Ilf  to  1000  km,  suggesting  that 
no  single  height  can  be  associated  with  the  selntiliation  pro* 
dueing  regions.  Heights  are  obtained  only  from  irregularities 
producing  a  recognizable  feature  in  the  diffraction  pattern  as 
observed  at  the  two  stations.  The  values,  therefore,  should  not 
be  interpreted  as  exeiusive  heights  for  the  irregularities  during 
the  satellite  passes,  since  other  Irregularities  capable  of 
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pfoduGlng  sGlntillations  could  simultaneously  exist  at  other 
heights.  For  example,  on  DeGember  lS>  19S9>  irregularities  were 
observed  at  both  ^90'  and  460  loii  during  a  single  redording.  It 
should  also  be  pointed  out  that  these  measurements  refer  only 
to  a  small  portion  of  the  boundary  of  the  regions  Gontaining  the 
irregularities.  fhus>  the  values  given  might  in  some  cases  be 
the  upper  or  lower  limits  of  regions  having  a  considerable 
vertical  extent. 


TAlLl  v.l 


Date  universal 

Height 

Date  u 

niversal 

Height 

1959 

fime 

km 

1959 

Time 

km 

June  10 

0243 

850^1150 

Oct.  2 

1720 

360-520 

June  11 

2309 

670^830 

Oct »  8 

1838 

240  *270 

June  12 

2356 

570^670 

Nov.  25 

0325 

500*680 

June  13 

0138 

390^440 

NOV.  26 

0316 

350-420 

June  24 

2105 

510^610 

Dec,  4 

0004 

300-380 

Aug.  15 

O6OT 

300-^340 

Dee,  12 

2140 

430-460 

Sept.  9 

0223 

680^930 

Dec,  18 

1940 

260-320 

Sept.  19 

2330 

310-400 

Dec,  18 

2254 

380-540 

Sept,  19 

2153 

170^180 

Dec,  18 

2256 

140-150 

Sept,  22 

1930 

420-1040 

Dee,  25 

1832 

430-600 

Sept.  22 

1931 

190»210 

Dee,  25 

2010 

200-280 

Sept.  22 

2250 

230-280 

3,  A  Method  for  Determining  the  Height  pistrlbutlon  of  the 
Irregularities 

There  was  no  way  of  controlling  the  sampling  for  the  spaced 
receiver  measurements^  and  no  statistical  weight  could  be  given  t' 


the  heights  listed  In  fahie  V.I.  fherefore>  the  following 

method  was  employed  to  detenffilhe  whether  or  not  there  was  any 

preferred  height  of  irregularity  ocGurrenoe* 

fhe  perigee  preGession  of  195®^ g  caused  the  heights  of  the 

passages  over  Alaska  to  vary  from  200  to  13^0  km  during  the 

satellite's  lifetime  of  nearly  two  years*  fhe  variation  of  the 

oeeurrence  of  scintillation  in  the  signal  reGeived  from  these 

different  heights  should  indicate  the  vertloal  distribution  of 

the  irregularities  responsible  for  the  scintillation*  fhls  is 

because  there  was  greater  probability  that  the  satellite  would 

be  eclipsed  by  irregularities  when  its  height  was  increased  in 

the  range  through  which  irregularities  could  occur* 

fhe  method  was  very  similar  to  that  used  by  Yeh  and 
a  - 

swenson  *  The  amount  of  fluctuation  of  signal  strength  was 
classified  subjectively  according  to  the  following  arbitrary 
scintillation  indices; 

Index  *  Character  of  Signal 

0  No  Scintillation*  No  deviation 

from  smooth  Faraday  fading  pattern. 

1  glight  scintillation  but  Faraday 
pattern  still  discernable* 

2  Strong  and  rapid  scintillation  suffl* 
cient  to  completely  obsure  Farday 
pattern. 

Frequently  an  entire  record  could  be  classified  by  one  lndex>  but 
more  common  were  the  Instances  when  a  record  would  be  divided  be¬ 
tween  two  or  three  indices.  An  example  of  all  three  indices 
occurring  in  a  short  section  of  one  roeord  is  shown  in  Fig.  V.2* 


20 


3*1  Diurnal  and  seasonal  variations 

The  total  time  for  eaGh  recording  was  divided  on  a  percent¬ 
age  basis  between  the  three  Indices*  these  percentages  were 
averaged  acGording  to  the  month  of  the  satellite  passage  and  the 
hour  of  closest  approach*  the  results  are  given  in  Pigs*  v.3 
and  v*4* 

Pigs.  v*3  and  v*4  demonstrate  nighttime  and  winter  ffiaximums 

of  scintillation  similar  to  those  which  have  been  indicated  by 

radio  star  observations  at  college  *  this  is  also  the  general 

4 

behavior  reported  by  Yen  and  Swenson  for  their  satellite  ob¬ 
servations*  It  should  be  pointed  out  that  these  histograms  only 
indicate  the  general  form  of  the  diurnal  and  seasonal  variations 
since  the  sampling  in  some  intervals  was  not  sufficiently  large 
to  average  out  the  effects  of  other  possible  parameters  such  as 
the  height  of  the  satellite*  magnetic  activity*  and  solar  senith 
angle, 

index  1  seems  to  vary  about  an  average  value  of  approx*- 
imately  40  per  cent  and  has  no  apparent  temporal  dependence, 

3,2  Variation  of  sclntliiation  with  geomagnetic  activity 

College  K-Index  was  tabulated  for  each  recording  as  a  con¬ 
venient  index  of  local  geomagnetic  activity,  and  the  total  time 
for  each  recording  was  divided  on  a  percentage  basis  between  the 
three  scintillation  indices.  These  percentages  were  averaged 
for  each  value  of  College  K*lndex,  The  results  are  shown  in 
PlS»  and  the  number  of  samples  for  each  value  of  College 

K-Index  are  given  in  Table  V*II, 
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TABLE  V*II 


College 

K-*  Index 

Number  of 
Samples 

College 
K« Index 

Number  of 
Samples:^ 

College 

K “Index 

Number  of 
Samples  ^ 

0 

12 

3 

95 

6 

7 

1 

85 

4 

m 

7 

7 

2 

121 

5 

%2 

8 

1 

Plg»  V,5  shows  an  increase  of  scintillation  with  increasing 
geomagnetic  activity >  which  is  the  same  general  relation  observed 

7 

at  lower  latitudes  for  radio  star  scintillation  « 

variation  of  scintillation  with  satellite  altitude 
The  recordings  average  about  five  minutes  in  length  al>^ 
though  they  vary  from  one  to  ten  minutes,  when  the  satellite  was 
near  perigee  its  height  changed  as  much  as  200  km  during  a  re-* 
cording.  The  range  from  200  to  1250  km  was  divided  into  50  km 
intervals  and  for  each  pass  through  one  of  these  intervals  the 
time  distribution,  in  per  cent,  over  the  three  indices  was  re-» 
corded.  These  percentages  were  then  averaged  for  each  Interval, 
The  heights  were  computed  from  information  supplied  by  the  Space 
Track  Control  Center  and  by  the  Smithsonian  Astrophysical 
Observatory's  Satellite  Tracking  Program, 

The  results  of  this  analysis  are  plotted  in  Fig,  V,6,  As 
before,  the  values  for  index  i  vary  randomly  about  an  average 
value  of  approximately  per  cent  and  so  apparently  have  no 
height  dependence. 

The  straight  lines  drawn  in  Fig,  v,6  represent  the  height 
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dependence  which  would  be  expected  if  the  regions  containing  the 
irregularities  occurred  with  equal  probability  at  all  heights  up 
to  6f0  km  and  were  absent  at  greater  heights.  This  is  an  overly 
simplified  model  for  ionospheric  structure^  but  it  is  a  useful 
first  approxlffiation  for  explaining  the  apparent  trend  of  the 
data*  Considering  the  four  examples  listed  In  fable  Vil  for 
which  the  height  was  considerably  above  650  km,  it  seems  that 
Instead  of  going  to  zero  above  this  height >  the  number  of  irreg^* 
uiarities  decreases  to  a  small  but  finite  fraction  of  the  total 
number  at  lower  altitudes. 

At  the  extreme  high  and  low  altitudes  there  are  large 
deviations  from  the  overall  trend  of  the  data,  but  the  points 
plotted  in  these  instances  are  probably  not  representative  of 
their  height  intervals  and  have  been  discounted  because  of  the 
small  number  of  samples  from  which  they  were  computed,  fable 
V.lll  gives  the  number  of  samples  used  in  computing  the  average 
percentages  for  each  height  interval.  It  can  be  seen  from  this 
that  the  lowest  and  three  highest  height  ranges,  which  contain 
the  erratic  points,  were  sampled  only  one^third,  or  less,  as 
often  as  most  of  the  other  intervals.  This  number  of  samplos 
was  apparently  too  small  and  not  sufficiently  distributed  in 
time  to  average  out  the  diurnal^  seasonal,  and  magnetic  influ* 
ences,  but  it  should  be  made  clear  that  the  nature  of  the 
extraneous  influences  IS  not  well  enough  understood  to  test 
these  points  rigorously. 


fALLE  V.III 


Height  Bange  I 

km 

'luimber  of 
Sambies 

Height  Bahge 
km 

Number  of 
S^ples 

200-2SO 

25 

750-800 

76 

2S0-300 

78 

800-850 

70 

300-350 

77 

850-900 

70 

350-400 

81 

900-950 

61 

400-450 

85 

950-1000 

61 

450-500 

78 

1000-1050 

45 

500-550 

76 

1050-1100 

27 

55O-6OO 

77 

1100-1150 

18 

600  450 

86 

1150-1200 

14 

650-700 

80 

1200-1250 

23 

700^750 

75 

In  an  attempt 

to  perform  a  3 

limited  test  of  the 

reliability 

of  the  data  given  : 

In  Fig,  V*6,  a 

scatter  diagram  of 

satellite 

height  and  closest 

approach  time 

was  plotted.  This 

showed  the 

sampling  for  the  h< 

Sight  Interval £ 

5  between  250  and  1C 

)50  km  to  be 

reasonably  well  distributed  over  hours.  The  occurrenee  of 
scintillation  as  a  function  of  height  curves  were  also  plotted 
separately  for  suimner,  winter,  and  equinoctial  months,  and,  al« 
though  the  scatter  of  the  points  increased,  the  general  fonn  of 
the  altitude  dependence  was  preserved.  These  two  tests  indicated 
that  the  nature  of  Pig,  V,6  was  probably  not  significantly 
affected  by  diurnal  and  seasonal  effects  except  at  the  extreme 
low  and  high  altitudes. 
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4*  Discussion 


The  altitude  dependence  of  scintillation  given  In  Fig*  V.6 
Is  interpreted  as  showing  the  height  distribution  of  irregularity 
occurrenGeSi  but  it  should  be  emphasized  that  this  explanation 
does  not  follow  from  Fig.  v*6  alone*  For  instanGe>  it  might  be 
possible  to  mteiT'net  the  altitude  dependenGe  of  SGintlllatlon 
in  terms  of  irregularities  occurring  In  a  single  thin  layer  whose 
effectiveness  in  producing  scintillation  increases  with  increased 
distance  of  the  satellite  above  the  layer*  However^  the  dis^ 
tribution  of  heights  as  measured  by  the  spaced  receiver  teGhnique 
(Table  v.l)  gives  support  to  the  former  rather  than  the  latter 
model . 

Thus>  it  is  concluded  that  the  bulk  of  ionospheric  irreg* 
ularities  occur  below  650  ^*  They  seem  to  occur  with  about 
equal  probability  between  the  heights  of  350  and  630  km,  and 
their  presence  at  greater  heights  is  sporadic* 

The  heights  given  here  are  considerably  greater  than  have 
been  reported  elsewhere>  but  this  may  only  be  a  reflection  of  the 
fact  that  in  the  auroral  zone  the  ionosphere  is  in  general  more 
distrubed  than  elsewhere  and  that  ionospheric  irregularities  are 
both  more  strongly  developed  and  extend  to  greater  heights. 

It  might  be  noted  that  iates®*^  observed  P«iayer  irregular^ 
ities  at  College  from  250  to  400  km  using  the  backscatter  sound* 
ing  technique.  However,  this  technique  is  limited  to  detection 
of  irregularities  below  the  F2  maxlmuin#  so  the  results  are  con* 
sistent  with  those  reported  here. 
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Figi  V4I  Example  of  spaced  feGeiver  ifecptdings  from  XJhich  a  heigtitt 
ffleasuremettC  was  made»  These  recordiegs  were  made  on  peGember  12,  1959 » 
and  ehe  height  measured  in  this  esse  was  430*^460  km. 
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Fig,  V.2  Signal  strength  recording  showing  examples  of  all  three 
scintillation  indices.  The  recording  was  made  on  June  26,  1958, 
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COLLEGE  K  INDtX 


Figi  Vi5  V^rlaCipn  of  SGinCillaeion  indiees  0^  1, 
aind  2  wiEh  College  K“Index. 


Fig,  V,6  DependenGe  of  scintillation  indices  0,  I,  and  2 
on  satellite  altitude.  The  straight  lines  represent  the 
idealized  dependence  which  would  be  observed  if  irregularities 
occurred  with  equal  probability  below  650  km  and  were  absent 
at  greater  heights. 


VI  SAfELLlfl  RADIO  SIGNAL  DEf ERMIMAflONS  Of  UffER  P  REGION 
ELEGfRON  DlNSlfliS  IM  fHl  AURORAL  ZONI 

fey 

Vj»  1,  Murcray  and  J,  M.  Pope 

fhe  Soviet  satellites  have  feeen  launched  In  onfeits  which  are 
partiGUlafly  well  suited  fon  studies  of  the  ionosphere  in  AlasKa^ 
An  inclination  of  about  65“  and  an  argument  of  perigee  of  approx- 
Imately  60®  means  that  the  satellite  Is  just  coming  out  of  per¬ 
igee  as  it  passes  over  central  Alaska*  fhe  perigee  altitudes 
were  around  250  kilometers^  and  eGcentricitles  around  0.1,  which 
resulted  in  the  satellites  rising  through  a  considerable  portion 
of  the  p  region  while  they  were  observable  from  Oollege* 

fhe  beacon  frequencies  of  20  and  40  megacycles  are  quite  well 
suited  to  study  of  this  region  because  they  are  high  enough  to 
penetrate  the  f  region  and  low  enough  to  be  considerably  affected 
by  it.  In  the  second  satellite  (19571)  the  keying  system  quit 
operating  soon  after  launch,  and  it  transmitted  continuous  wave 
signals,  fhese  are  well  adapted  to  observations  requiring  fre= 
quency  measurement  because  of  the  absence  of  switching  transients. 

A  transmitter  which  is  moving  with  a  radial  velocity  of 
approach  r  relative  to  the  observing  station  and  transmitting  a 
frequency  F  into  a  medium  of  refractive  index  n  at  rest  relative 
to  the  observing  station,  will  be  received  at  a  frequency  P  +  D, 

where  D  Is  given  by  D  i-  nP,  e  being  the  velocity  of  light  in 

^  2  / 

free  space  ',  Since;  n  =  (l  =  N)  '  by  the  Seeles-^Larmor 

TT  M  P  '  » 

equation  where  e  and  m  are  the  charge  and  mass  of  the  electron 
and  N  is  the  electron  density  in  electrons/em^^  it  is  evident 
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that  if  I)  is  aaaaiiheGl’  and  f*  and  F  are  Icnowni  one  can  deteralne  M» 

fhis  procedure  is  commonly  used  t©  measure  electron  densities 

i  * 

from  rockets  *  However^  if  this  method  is  used,  one  must  know  r 

accurately  and  also  F,  neither  of  which  can  be  assumed  known  with 
much  precision  in  the  case  of  a  satellite » 

In  the  case  of  a  satellite,  there  is  an  additional  compllca^ 
tion  because  of  the  large  transverse  component  of  velocity  in-* 
volved*  fhe  index  of  refraction  is  nearly  unity  except  in  the 
Ionosphere,  and  the  optical  path  length  at  a  given  distance  r  will 
vary  depending  upon  the  proportion  of  the  path  lying  within  the 
ionosphere,  This  results  in  ehanges  of  optical  path  lenith  be-^ 
cause  of  the  transverse  motion  of  the  satellite  as  well  as  Its 
radial  motion,  and  hence  introduces  a  spurious  addition  to  r» 
fhis  addition  is  proportional  to  time  variation  of  /  N  dr  be-^ 
tween  satellite  and  observing  station,  and  would  be  an  additional 
source  of  infoinnation  provided  it  could  be  separated  from  the 
other  effects, 

fhe  Russian  satellites  transmitted  on  two  frequencies*  If 
we  let  F  be  the  frequency  of  the  20  megacycle  transmitter  and  p 
that  of  the  ^0  Me  one,  then  P|  and  are  the  corresponding 
Poppler  frequencies,  fhe  ratio  of  these  Poppler  frequencies  then 
is 

Dn  Ft  ^  n,  P, 

1  _  1  n  )  )  - _ 1  -1 

Ig  " 

t 

r  does  not  appear  in  this  equation,  but  it  should  be  noted  that 
since  f  is  changing  with  time.  It  is  necessary  that  the  Doppler 
frequencies  and  D^  be  measured  simultaneously  if  the  r*s  are 


to  Ganoel.  in  practico^  this  requirement  is  a  source  of  con- 
siderable  trouble* 

Substituting  for  ana  from  the  Iccles-Larmor  equation 
and  solving  for  N  one  obtains; 


N  = 


fl 

CVI 

1  D,  f  1 

( 

u 

1^2  1 

1  n“^  3 

electrons/cffi 

80.5 


1  - 


A  little  experimentatton  with  this  equation  shows  that  is  is  not 


very  sensitive  to  errors  in  P.  and  P  ,  provided  that  some  means 
exists  for  accu3?ate  determination  of  the  ratio  ^  » 


Observations  of  satellite  Doppler  curves  are  made  by  mixing 
the  signal  from  the  satellite  with  a  signal  from  an  oscillator  at 
the  observing  station,  the  result  is  a  beat  note  of  frequency  bf, 
which  is  the  difference  between  the  local  oscillator  of  frequency 
f  and  the  frequency  Of  the  signal  received  from  the  satellite. 

The  local  oscillator  cannot  be  set  exactly  on  the  satellite  fre« 
quency,  so  the  most  convenient  technique  is  to  use  a  local 
oscillator  frequency  above  the  highest  frequency  expected  from  the 
Doppler  shifted  satellite  signal^  or  below  the  lowest  one.  If  the 
local  oscillator  frequency  is  less  than  the  lowest  frequency  from 
the  satellite,  then  the  Doppler  frequency  becomes; 


D  -  f  +  hf  -  P 

and  the  ratio; 


f,  +  bfj^  - 


F 

P 


1 

2 


f  eaft  be  deteriilned  within  a  few  cyGles/sec,  and  since  D  is  very 
small  in  the  vicinity  of  the  time  of  closest  approach  when  f 
approaches  zero^  the  quantity  f=F  can  be  determined  to  the  same 
accuracy  as  Af>  even  though  the  time  of  closest  approach  is  not 
known  exactly  and  neither  satellite  nor  local  oscillator  fre- 
^encies  are  known  to  anything  like  this  pre-cislons  consequently^ 

the  rati©  ^  can  be  determined  with  considerable  accuracy^  pro* 

- 

vided  only  that  both  satellite  and  local  oscillator  frequencies 
remain  reasonably  constant  over  the  period  of  one  satellite 
passage 4 

In  the  Oibservations  made  by  the  Geophysical  institute  on 
1937^#  the  beat  frequencies  on  SO  and  40  Me  were  recorded  on  two 
Ghannels  of  a  three-channel  Ampex  tape  recorder*  A  time  signal 
from  v/wv  was  rfecorded  on  the  third  channel,  fhe  data  were  re* 
duced  by  making  sonagraph  (audio  frequency  spectrogram)  records# 
which  showed  the  two  beat  frequencies  along  with  the  V/VJV  time  sig* 
nal  on  the  same  record,  fime  resolution  was  about  0,01  second  in 
absolute  time,  and  raeasureraents  of  the  beat  freqeuneies  could  be 
made  simultaneous  to  about  the  same  accuracy,  fhe  accuracy  of  the 
absolute  time  was  not  so  Important  since  it  was  only  used  to 
determine  the  position  of  the  satellite  at  the  time  of  the 
measurement#  and  the  orbital  data  were  not  sufficiently  precise  to 
require  0,01  second  accuracy.  However#  it  Is  extremely  important 
that  the  beat  frequency  measurements  be  matched  in  time  as  closely 
as  possible.  Satellite  positions  were  obtained  from  data  furnished 
by  the  Smithsonian  Astrophysical  Observatory^, 


The  spuS’loiis  Soppier’  shift  ifitrodUGed  by  the  transver’se  mo* 
tioh  of  the  satellite  throMgh  the  iOftosphehe  eari  he  roughly  eal* 
Gulated^>  and  the  observed  frequenGy  corrected  to  take  accouht 
of  it.  In  the  passages  used  in  the  present  caiGUlations  this 
effect  is  small  compared  to  the  effeet  of  local  electron  densities 
at  the  satellite  during  most  of  the  run.  If  the  local  eleGtron 
densities  are  small,  or  If  r  is  small >  the  transverse  motion 
effect  becomeE  comparable  to  or  greater  than  the  local  effect, 
and  the  electron  densities  derived  by  this  method  become  very 
uncertaini  in  practice,  it  has  not  proven  possible  to  measure 
electron  densities  below  about  lO'^/cm^*  fhe  difficulty  is  a 
combination  of  th:;  accuracy  with  which  the  corrections  can  be 
Computed  and  the  accuracy  of  the  beat  frequency  measurement,  it 
is  evident  that  this  imposes  fairly  severe  limitations  upon  the 
portion  of  the  orbit  over  which  this  method  of  calculating  local 
electron  densities  is  useful.  Where  it  can  be  used,  it  is  simple 
and  straightforward,  and  the  calculations  easy. 

Near  the  time  of  closest  approach  of  the  satellite#  r  is 
small,  and  the  results  again  become  uncertain  for  the  same  reasons 
as  in  the  case  of  low  electron  density.  In  this  case,  however, 
the  situation  can  be  improved.  At  the  time  of  closest  approach 
the  slope  D  of  the  Poppler  curve  becomes  a  maximum. 

If  n  is  small, one  can  write  for  the  ratio  of  the  slopes: 


n. 


n. 


P 

f 


1 

2 


the  subscripts  again  distinguishing  the  quantities  pertaining  to 


a  particular  frequency. 


This  gives  the  saifte  equatioft  f©r  the  iocal  electroh  density 
as  was  derived  hefere  except  that  has  feeen  replaGed  by 

It  is  useful  in  the  region  in  which  is  SMall,  In  the 
region  in  which  r  is  large  the  slope  is  siriall,  so  the  two  niethods 
of  measurements  are  complementary*  The  slopes  are  somewhat  more 
difficult  to  measure  than  are  the  heat  frequencies*  The  slopes 
are  also  affected  hy  the  change  in  the  optical  path  due  to  the 
transverse  component  of  satellite  motion^  the  effect  introducing 
a  correction,  which  is  in  general  of  the  same  order  as  in  the  case 
of  the  Doppler  frequencies^  though  somewhat  more  complicated  to 
calculate.  This  method  then,  is  also  limited  by  low  electron 
densities* 

Fig*  vl*l  shows  an  electron  density  versus  height  profile 
obtained  by  the  foregoing  methods,  since  the  satellite  was  headed 
nearly  due  east  at  this  latitude,  it  traversed  approximately  ten 
degrees  of  longitude  per  minute*  As  a  result  there  is  a  local 
time  difference  of  about  two  hours  between  the  sub “Satellite 
points  at  the  lowest  and  highest  altitudes  indicated  on  the 
figure,  This  means  that  what  is  represented  on  the  figure  as  a 
vertical  variation  only,  is  a  eomblnatlon  of  vertical  and  hor* 
Izontal  variations.  This  is  illustrated  In  Pig*  VI* 2  in  which 
the  geometry  of  the  passage  is  sketched. 

The  day  on  which  the  data  of  Pig.  VI, 1  were  obtained  was 
magnetically  quiet,  and  the  ionograms  show  no  dlsturbanee,  Con= 
sequently.  It  is  probable  that  conditions  at  the  west  end  of  the 
path  correspond  roughly  to  those  at  Fairbanks  an  hour  earlier, 
and  at  the  east  end  conditions  would  be  like  those  of  Palrbaryks 


ah  houh  later.  Ion  densities  shown  in  the  lower  layer  in  Pig, 

VI* 2  are  otetained  from  the  college  0=3  records  on  this  assump¬ 
tion*  the  true  height  of  the  P  region  maximuni  at  College >  as 
computed  from  the  ionograms  was  ah  out  296  iciiometers*  fhe 
satellite  was  well  above  this  on  its  closest  approach  to  College, 
which  was  some  thirty  miles  to  the  north*  It  should  be  noted 
that  Pig,  VI *1  shows  two  distinct  layers  with  a  pronounced  mini¬ 
mum  between,  the  second  layer  having  a  slightly  lower  electron 
density  than  the  first,  so  that  it  is  not  visible  on  the  C-3 
records,  All  profiles  computed  to  date  are  consistent  with  this 
structure,  although  most  of  the  observed  runs  are  at  too  high 
altitude  to  show  the  lower  region  whioh  contains  the  zone  of 
maximum  electron  density* 

Pig*  VI, 3  shows  another  profile  at  a  somewhat  greater  alt¬ 
itude,  fhis  run  was  on  a  mildly  disturbed  day,  fhe  satellite 
had  passed  the  most  northerly  point  of  its  orbit  and  was  heading 
a  little  south  of  due  east  as  it  passed  College,  The  profile  is 
definitely  consistent  with  the  satellite  rising  from  the  low 
ionization  region  into  the  second  highly  ionized  layer.  All  the 
points  on  this  profile  are  high  above  the  P  layer  maximum. 

More  satellite  passages  are  being  analyzed  and  it  Is  hoped 
that  a  report  on  the  results  may  be  made  soon.  It  is  not  known 
whether  the  two  layer  structure  shown  is  characteristic  for  this 
latitude  in  winter  or  whether  it  is  a  temporary  condition,  per* 
haps  present  only  in  the  fall.  The  low  electron  density  in  the 
region  between  the  two  maxima  is  also  of  interest,  in  this 
region  the  densities  were  lower  than  could  be  measured  by  the 


technique  enaployed^  which  means  that  they  were  not  greater*  than 

E  -X 

about  10  eiectrons/cm  , 

Pigi  VI i 4  shows  densities  to  a  higher  altitude  than  either  of 


Appendix  VI*! 
popplc-n  Shifts  in  Ionized  Media 

There  seems  to  be  a  good  deal  of  eonfuslon  about  the  mech* 

anics  of  the  Doppler  shift,  most  of  which  is  probably  traceable 

to  the  way  in  which  it  is  generally  presented.  The  treatment 

normally  starts  by  presehting  the  equation  for  the  Doppler  shift 

as  the  result  of  a  relativistic  transformation,  which  gives  the 

received  frequency  In  terms  of  the  transmitted  frequency,  and  the 

radial  velocity  of  the  transmitter  relative  to  the  observer^i 

The  radial  velocity  is  then  interpreted  as  the  time  rate  of 

change  of  the  phase  path,  and  the  treatment  carried  on  from  there, 

This  is  the  natural  way  to  approach  the  problem,  but  it  has  the 

disadvantage  of  obscuring  the  physical  mechanisms  involvedi 

satellite  velocities  are  far  from  relativistic  anyhow,  and 

as  we  Shall  see,  the  simple  classical  treatmbht  in  this  case  leads 

to  the  correct  relativistic  equations  to  within  terms  of  the 

order  of  ^•l'}  •  (consideration  of  the  basic  axioms  of  relativity 

will  show  that  it  should)  The  classical  treatment  also  has  the 

advantage  of  presenting  a  clear  physical  picture. 

Suppose  the  transmitter  to  be  moving  through  a  medium  of  re» 

fractive  Index  n  (phase  index)  with  a  radial  component  of  vei= 

ocity  of  approach  r  relative  to  the  observing  station.  The  trans’- 

mitter  is  sending  a  continuous  frequency  f.  Then  in  one  second 

the  satellite  will  have  advanced  a  distance  r  toward  (or  away 

from,  depending  upon  the  sign  of  r)  the  observer.  The  wave  trans=- 

e 

mltted  at  the  beginning  of  the  second  has  advanced  a  distance  fj. 
There  are,  therefore,  f  waves  in  the  distance:  r  so  that  the 


obse^^ved  wavelength  is 


f ' 


-  -  r 


f 

c 

Him 

C 

• 
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n 

and  the  observed  frequency: 


=  f 


£ 

n 


^  =  r 
n 


or:  f '  =  f (^T,A-r..,r)  multiplying  numerator  and  denominator  by 
1  -  rn 

;  1  +  m 

f'  ^  f  — 


(1  £  n)  one  obtains  the  equation 


'  0  ' 


This  is  the  same  equation  as  the  one  derived  by  using  the  Lorent 
transformation  within  a  correction  which  is  smaller  than|l|^. 
For  satellite  veloeities>  (£  n)  «  j  and  the  Doppler  shift  is: 

f  »  f'  =  £&  ,  This  is  the  so*-called  "local"  Doppler  shift,  and 
0 

in  many  cases  is  the  only  one  existing^  If  the  medium  is  hemO'i- 
geneous  of  refractive  index  n  all  the  way  to  the  observer,  for 
instance^  or  if  the  transmitter  moves  directly  toward  or  away 
from  the  observer,  fn  represents  the  total  rate  of  Ghange  of  the 
phase  path,  and  there  is  nothing  more  to  be  said,  The  satellite 
will  approximate  the  latter  condition  when  It  is  far  away,  and 
at  closest  approach  r  becomes  zero  and  thore  is  no  Doppler  shift 
but  in  the  region  between  these  extremes  the  situation  becomes 
more  eompllcated  because  the  phase  path  is  In  part  in  the  iono¬ 
sphere  and  part  outside  so  that  n  varies  along  the  path,  and  as 
the  satellite  moves  horizontally  the  relative  amount  of  path 
through  strata  of  different  n  will  vary  also,  so  that  an  addi= 
tional  term  must  be  added  to  rn  to  express  the  total  rate  of 
change  of  phase  path  length.  At  the  frequencies  employed  by 

59 


satellites  so  far,  fn  is  by  far  the  dominant  term,  the  term 

involving  /  ndr  beir^  a  small  correGtlon  only*  However>  in 
d  t 

deriving  eleotron  densities,  one  uses  the  fact  that  n  at  the 
satellite  differs  from  the  free  space  value  unity,  and  depending 
upon  Gonditlons  the  effect  of  the  integral  term  may  beGome  more 
Important  than  the  effect  of  the  difference  of  the  local  index 
at  the  satellite  from  unity*  such  a  case  for  instance  oceurs 
with  the  satellite  above  the  ionosphere^  where  the  electron 
density  is  small* 

freatment  of  the  case  of  a  variable  index  of  refraction  is 
compliGated  by  the  fact  that  the  propagation  path  is  not  a 
straight  line  but  the  effect  in  the  case  considered  is  not  large 
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ELECTRON  DENSITY  XIO"^  (OM'^) 


Fig.  VI. 3  Electron  densities  ovi 
8  Nov  1957  (r5Q®WMT) 
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Fig.  VI«^  Electron  deiisities 
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VII  OiaiHVAflONS  OF  HIGH  LAfIfUOE  RADIO  AURORA 

by 

Delf  Owren 


1.  Introduction 

The  purpose  of  Section  VII  is  to  survey  ©bservttlons  of 
radio  aurora  fflade  in  Alaska>  and  in  particular,  the  oteservatlons 
froni  college,  Alaska*  SOffie  recent  results  from  IGY  studies  Of 
the  visual  aurora  in  Alaska  are  also  reviewed  briefly  since  they 
have  a  bearing  on  the  interpretation  of  the  radio  ©bservations. 
Radio  aurora  has  been  studied  experimentally  in  this  area  over 
nearly  a  decade >  both  by  visiting  and  resident  scientist s*  fhe 
frequency  range  covered  in  course  of  these  investigations  extends 
from  high  frequencies  well  Into  the  ultra*-hiih  frequency  band* 
Gpecificaily,  radio  aurora  has  been  studied  with  pulse  tech* 
niques  in  seven  different  frequency  intervals  from  12  to  780  Mc/s 
and  by  cw  techniques  on  four  frequencies  from  40  to  400  Mc/s.  A 
representative  picture  of  the  high  latitude  radio  aurora  can 
therefore  be  drawn  from  the  Alaska  observations.  The  regional 
llmlltation  of  our  survey  has  the  advantage  that  the  observations 
referring  specifically  to  the  College  observations  *  are  uniform 
in  the  important  geometrical  aspects  imposed  by  the  earth’s  mag^ 
netle  field  and  the  location  of  the  auroral  zone.  College, 

Alaska  is  located  in  geomagnetic  latitude  64*3*N  and  near  the 
southern  border  of  the  auroral  zone.  It  is  about  200  km  south 
of  the  line  of  maximum  occurrence  of  visual  aurora  as  determined 
by  Vestlne^,  The  magnetic  dip  at  College  Is  77®, 


2.  Visual  Aurora  In  High  Latltudjes 

It  Is  pfofeately  well  known  that  a  visual  auroral  display 
usually  starts  with  the  formation  of  a  homoghheous  arc.  In  the 
auroral  zone  one  generally  sees  a  double  arc.,  consisting  of  two 
Similar  structures  parallel  to  each  other,  ©avis  has  recently 
found  from  IGY  studies  in  Alaska  that  the  two  arcs  are  connected 
by  a  loop  at  their  eastern  end*  The  looped  arc  system  is 
actually  stationary  in  space,  with  the  earth  rotating  under  it 
(see  Pig*  VII* 1)*  The  western  part  is  quiescent  and  the  eastern 
part  active  with  the  arc  broken  up  Into  rays  and  curtains*  At  a 
given  location  south  of  the  center  line  of  the  auroral  zone,  a 
quiescent  period  lasting  for  an  hour  or  more  Is  therefore  asually 
followed  by  a  period  when  the  active  section  of  the  arc  structure 
comes  into  view*  During  this  so-called  breakup  period  a  given 
station  may  see  a  complete  transfoimation  of  the  rayed  arc  into 
curtains  and  rays*  Following  the  breakup  which  usually  occurs 
around  magnetic  midnight,  an  eastern  branch  of  the  auroral  struC'^ 
ture  consisting  mostly  of  diffuse  forms  of  luminoisity  rotates 
into  view.  Towards  morning  the  discontinuous,  diffuse  forms  may 
reform  into  arcs  connected  at  their  western  end.  At  a  given  sta^ 
tlon  south  of  66,5*  geomagnetic  latitude  a  development  of  the 
auroral  display  involving  three  phases  will  be  observed*  The 
three  phases  are  characterized  by  the  Initial  quiescent  arcs,  the 
peak  of  activity  during  breakup,  and  the  post  breakup  period  ef 
diffuse  aurora* 

The  arcs  with  their  associated  forms  generally  move  as  a 
whole  in  the  Nprth»South  direction.  Actually,  for  each  auroral 


display  a  dlseontiriuity  In  the  direGtion  of  the  overall  motion 

ean  usually  he  found  somewhere  between  the  geomagnetiG  latitudes 

and  70®.  fhe  aurora  forming  south  of  this  disGOntinuity 

shows  a  (first)  motion  southwards  whereas  the  aurora  forming 

.  f 

north  of  it  tends  to  move  northwards;  see  Davis  and  Kimball  . 
fhe  detailed  struoture  suoh  as  rays  and  ourls  appearing  in  an  arc 
move  along  it  in  a  Glookwlse  direGtion*  this  Glockwise  motion 
changes  to  a  GounterGiOGkwise  direction  of  motion  for  the  diffuse 
structures  occurring  during  the  post  breakup  phase,  generally 
after  magnetic  midnight* 

fhe  auroral  arcs  may  be  described  as  thin>  wide  sheets  of 
luminosity  (and  ionization)  extending  a  few  thousand  kilometers 
parallel  to  the  geomagnetic  latitude  circles*  vertically  an  are 
extends  from  about  100  to  at  least  1$0  km,  fhe  vertical  extent 
is  markedly  dependent  on  the  sunspot  cycle*  fhe  width  of  an  arc 
in  the  North^South  direction  is  of  the  order  of  one  kilometer* 
fhe  rays  appearing  in  an  arc,  or  generally  over  large  areas  of 
the  sky  during  breakup,  are  always  parallel  to  the  direction  of 
the  magnetic  lines  of  force,  and  may  extend  to  great  heights, 

200  km  or  more, 

3.  jRadio  Aurora  in  High  Latitudes 

An  early  radar  observation  at  Jodrell  lank  in  19^7 >  Lovell, 
Clegg  and  Ellyett^,  of  auroral  echoes  on  Wj  Mc/s  were  Interpreted 
by  Herlofson^  in  terms  of  specular  reflection  from  the  surface  of 
an  (hypothetical)  auroral  arc,  fhe  observed  echo  range  was  480 
km,  and  it  has  been  shown  (Chapnian^)  that  a  radar  ray  from 
Jpdrell  lank  could  be  normally  incident  on  an  auroral  are  over  the 
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FSiQV^  Islands  at  a  height  of  113  Ktfi  for  the  speGifled  slant 

...  .  6 

range*  Following  this  and  similar  Ohservati0'ns>  Chapman  worked 

out  the  geometry  of  specular  radio  reflections  from  field-aligned 
auroral  forms  using  an  earth -centered  dipole  to  describe  the  geo¬ 
magnetic  field*  chapman's  calculations  showed  that  strictly 
perpendicular  incidence  on  the  undisturbed  field  configuration 
at  a  height  of  not  less  than  100  km  could  not  be  achieved  for 
high  latitude  locations  above  62**  geomagnetic  latitude,  such  as 
college,  froms;^  and  Kiruna* 

fhe  experimental  facts  are  that  transient  VHF  radar  echoes 
are  observed  regularly  at  these  high  latitude  stations  during 
times  of  visual  auroral  activity  and  magnetic  disturbances. 
Generally  the  echoes  are  received  only  in  a  90  degree  sector 
centered  approximately  on  geomagnetic  north,  at  low  elevation 
angles,  and  at  fairly  long  ranges  which  are  typically  between 
500  and  1000  km*  Interferometer  and  penGil-beam  radar  determina¬ 
tions  of  the  elevation  angles  has  shown  that  the  heights  of  the 
echoing  centers  tend  to  cluster  in  the  interval  from  100  to  110 
km  regardless  of  the  geomagnetic  latitude  of  the  observing  sta¬ 
tion,  As  these  experimental  results  accumulated  they  raised 
interpretational  problems  which  were  discussed  extensively  during 
the  last  decade  and  which  are  perhaps  not  even  today  finally 
resolved*  We  do  not  wish  to  dwell  on  theories  which  were  found 
to  be  untenable  before  1957#  but  shall  concentrate  on  ideas 
which  have  been  under  consideration  during  the  last  three  years 
and  may  provide  a  proper  basis  for  further  discussions. 


The  experimental  fin4ings  oleariy  make  it  neGissary  to 

modify  in  some  way  the  original  theory  of  speGular  reflection 

from  auroral  forms  aligned  with  the  undlstorted  geomagnetic 

fieldi  One  line  of  thought  Is  to  maintain  the  condition  of 

strictly  perpendieular  incidence  of  the  radio  waves  on  field*^ 

aligned  auroral  structures  and  to  achieve  this  perpendicularity 

either  by  distortion  of  the  magnetic  field  or  by  ray  ■^bending  in 

the  E  layers  A  second  approach ^  and  thus  far  the  most  success- 

fui,  is  to  weaken  the  condition  of  strict  perpendicularity  and 

replace  the  specular  reflection  by  backseatter  at  nearly  per- 

S  9' 

pendicular  incidence.  This  theory  was  suggested  by  Moore  '  > 
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extended  by  looker>  Oartiein  and  Mdchois  ,  and  subsequently 

developed  mathematically  by  Booker"^*  The  theory  of  scattering 
from  field-aligned  electron  density  irregularities  introduces  the 
notion  of  "aspect  sensitivity"  in  auroral  scatter  of  radio  waves, 
in  this  theory  the  largest  "off -perpendicular  angle"  at  which  a 
radio  wave  can  be  incident  on  the  field  direction  and  yet  pro¬ 
duce  a  detectable  scatter  signal  becomes  an  important  parameter, 

1§  13 

A  third  idea,  advanced  i^y  Porsyth  ■’  is  a  hybrid  type  theory 
whereby  the  radar  eehoes  may  be  returned  partly  by  pure  volume 
scattering  in  auroral  ionization  without  recourse  to  field- 
aligned  Irregularities,  and  partly  by  specular  reflections  or 
scatter  from  field-aligned  auroral  luminosity. 

Consideration  of  the  available  experimental  evidence  (see 
Appendix)  indicates  that  neither  the  distortion  of  the  magnetic 
field  nor  the  average  electron  density  of  the  auroral  E  layer  is 
suffielent  to  re-establish  the  theory  of  specular  reflection 


from  fleld-aligned  auroral  forms,  fh-e  acGUmulated  body  of  know¬ 
ledge  Goncerning  both  visual  and  radio  aurora  tends  to  contradict 
the  theory  of  pure  volume  scattering  from  auroral  ionization. 

For  future  reference  we  quote  (see  Appendix)  the  following  re= 
suits  for  the  electron  density  in  the  auroral  E  layer.  MF 
soundings  at  vertical  and  oblique  incidence  indicate  that  the 
average  electron  density  of  that  part  of  the  E  layer  which  can 
fee  so  explored  corresponds  to  a  plasma  frequency  of  about  4  Me/ s 
or  2  X  10  electroins/cm"'^.  Photoelectric  measurements  of  the 
luminous  aurora  indicate  that  for  moderately  bright  forms  there 

-  -  5 

exists  In  limited  volumes  an  electron  density  of  about  lO  elec- 

trons/cm^,  eorrespondlng  to  a  plasma  frequency  of  about  10  Mc/s, 

-  7 

For  very  bright  forms  the  electron  density  may  be  as  high  as  10' 

% 

electrons/cm  ,  corresponding  to  a  local  plasma  frequency  of  about 
30  Mc/s. 

4.  Theory  of  Scattering  in  Fl§14»Allgngd  Irregularities 

11 

The  scattering  theory  developed  by  Booker  is  a  statistical 
volume  scattering  theory  where  the  individual  scattering  elements 
are  non-isotroplc  electron  density  irregularities.  The  irregular 
itles  are  represented  as  elongated,  axially  symmetric  bodies  of 
plasma.  The  probability  of  finding  at  a  given  point  in  the 
plasma  a  deviation,  4N,  from  the  average  local  value,  N,  is 
assumed  to  be  given  by  an  error  law.  More  precisely,  the  auto= 
covariance  of  the  relative  deviation  in  capacitivity,  4e/C,  is 
assumed  to  be  a  gaussian  function.  The  theory  further  assumes 
that  the  incident  radiation  field  is  only  weakly  perturbed  by  the 
electron  density  irregularities.  Certain  implicit  assumptions 


of  the  theory  should  he  explicitly  stated. 

1*  The  refraGtive  index  of  the  medium  seen  by  the  incident  radio 
waves  must  he  approximately  equal  to  unity,  u^l« 

2,  The  relative  deviation  of  the  electron  density  in  the  medium, 
an/m,  as  well  as  the  local  average  electron  density,  M, 

Itself  must  he  spatially  stationary  stochastiG  varlahies, 
i.e^  statistically  uniform  quantities,  over  the  scattering 
volume* 

The  assumption  about  the  refractive  index  Implies  that  the 
theory  is  appllcahle  only  for  frequencies  exceeding  about  30  Mc/s 
When  the  scattering  volume  is  associated  with  moderately  bright 
auroral  forms.  It  also  implies  that  for  very  bright  forms  the 
Observing  frequency  should  not  be  less  than  approximately  90  Mc/s 
On  the  Whole  this  assumption  leads  one  to  expect  that  the  theory 
should  work:  well  for  frequencies  above  60  Mc/s  and  show  signs  of 
failing  below  6o  Mc/s. 

The  assumption  about  the  statistical  uniformity  of  AIVN'  and 
N  Implies  that  the  theory  can  only  be  expected  to  work  reaspnably 
well  when  small  seattering  volumes  are  involved,  This  further 
implies  that  the  theory  can  only  be  used  with  confidence  on 
observations  made  with  pencil-beam  radars, 

Booker  used  an  auto -covariance  function  of  the  form 

(1)  p(x,y,z)  =  exp 

The  theory  then  leads  to  an  expression  for  the  ratio  of  the  rec¬ 
eived  power,  F  ,  to  the  transmitted  power,  F  : 

"  R  T 


1  /X' 
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whei’e  T  is  the  correlation  distance  transverse  to  the  axis  of 
spaetry  of  the  irregularities> 

L  the  longitiidinal  correlation  distance  (along  the  earth's 
magnet i c  f i e id ) > 

a  the  "off “perpendicialar  angle"  (complement  to  the  angle 
°  between  the  direction  of  incidence  and  the  axis  of 
symmetry)  at  the  bottom  of  the  scattering  volume^ 

X  the  plasma  wavelength  corresponding  to  the  electron 
^  density^ 

X  the  local  wavelength  of  the  incident  radio  wave  in  the 
medium  (assumed  equal  to  the  free  space  wavelength) . 

The  factors  relating  to  the  antenna^  echo  range  and  area  of  the 

scattering  volume  have  been  omitted  in  Equation  (t), 

the  aspect  sensitivity  is  characterized  by  the  factor 


1  -  erf 


which  depends  on  the  correlation  distanee  along  the  earth's  mag¬ 
netic  field,  the  off ^perpendicular  angle  and  the  wavelength.  The 
aspect  sensitivity  factor  determines  both  the  range  eut«off  and 
the  azimuth  cut-off  of  the  auroral  echoes.  The  shortest  range 
should  in  the  northern  hemisphere  be  observed  with  the  antenna 
beam  pointed  towards  geomagnetic  north,  ly  selection  of  the 
appropriate  value  of  L  the  observed  variation  in  range  and  azimuth 
eut-^off  as  a  function  of  wavelength  should  be  reproduced  if  the 
theory  is  correct,  conversely,  if  the  theory  Is  assumed  to  be 
correct,  observational  determination  of  the  off -perpendicular 
angle,  a^,  leads  to  a  value  for  longitudinal  correlation 
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distance,  It  shduld  be  noted  that  a  determination  of  the  off- 

perpendicular  angle,  a^,  must  necessarily  be  based  on  a  model  for 
the  earth's  magnetic  field  at  1  layer  heights.  Such  models  may 
be  based  on  either  the  simple  centered  dipole  field  or  the 
earth's  main  field.  In  the  latter  case  one  uses  the  surface 
field  and  assumes  that  the  surface  values  of  the  magnetic 
declination  and  inclination  may  be  used  at  ionospheric  heights. 
The  observations  of  radio  aurora  at  College >  Alaska  show  that 
for  this  location  the  surface  field  model  provides  a  better 
approximation  to  the  actual  field  than  the  dipole  field  model, 
although  the  actual  1  layer  field  would  probably  be  described 
best  by  a  hybrid  model, 

looker  emphasized  the  point  that  a  single  value  of  the 
longitudinal  correlation  distance>  1,  should  suffice  to  describe 
the  radio  aurora  observations  at  all  frequencies,  this  appears 
to  be  a  point  more  of  mathematical  convenienGe  than  physical 
reality.  When  Booker  wrote  his  paper  the  goal  was  to  produce  a 
theory  which  would  roughly  describe  the  available  observations 
which  then  spanned  a  frequency  range  of  no  more  than  4:1,  For 
such  a  program  a  single  value  of  L  was  adequate.  Today  we  are 
Goneerned  with  observations  which  span  a  frequency  range  of  IJil 
even  when  we  limit  ourselves  to  the  frequencies  from  60  Mc/s  and 
upwards.  It  seems  physically  unreasonable  that  the  electron 
density  Irregularities  seen  by  5  meter  waves  should  have  exactly 
the  same  longitudinal  correlation  length  as  those  seen  by  ^0 
centimeter  waves.  Physically  it  appears  more  reasonable  to  admit 
the  possibility  of  at  least  some  change  with  frequency  of  the 
eieetron  density  contours  of  the  scattering  irregularities, 


The  upper  frequency  limit  fcr  detection  of  auroral  echoes 
is  determined  by  the  exponential  factor 


This  factor  becomes  very  small  when  The  intensity 

variation  of  the  backscattered  echoes  as  a  function  of  frequency 
therefore  permits  an  observational  estitiiate  of  the  transverse 
correlation  distance  f. 

We  have  noted  that  the  refractive  Index  seen  by  the  ex^ 
ploring  radio  waves  in  the  auroral  ionization  may  start  to 
deviate  markedly  from  unity  if  we  go  below  about  60  Mc/Si  In 
addition  £)  layer  absorption  will  also  increasingly  influence  the 
observations  as  we  decrease  the  frequency  below  100  Mc/s^  and 
this  influenee  should  become  very  noticeable  from  6o  Mg/s  and 
downwards.  The  absorption  will  affect  the  observed  range  and 
azimuth  cut  •’Off  s,  in  particular  the  latter  which  will  be  under’ 
estimated.  As  a  consequence  the  largest  observable  off -perpend¬ 
icular  angle  will  be  underestiinated,  and  the  longitudinal 
correlation  distance  should  appear  to  increase  systematically 
with  increasing  wavelength.  One  may  therefore  prediet  that  an 
experimentally  determined  curve  for  the  frequency  variation  of 
the  Icngltudlnal  correlatlpn  distance  should  show  a  turning 
point  at  about  60  Me/s. 

p.  High  Latitude  Observations  of  Radio  Aurora 

Notable  advances  have  been  made  in  the  experimental  studies 
of  radio  aurora  during  the  last  three  years.  The  most  outstand¬ 
ing  work  is  probably  that  carried  out  by  a  team  from  the  gtanford 


Research  Institute  at  College^  Alaska  with  a  pencil “beam  radar 
in  the  high  VHP  and  the  UHP  band,  A  steerable  parabolic  re- 
fleeter  antenna  with  a  diameter  of  6l  feet  (20  meters)  operated 
with  medium  power  pulse  transmitters  at  the  frequencies  2l6,  598 
and  7S0  Mc/s  provided  beamwidth  of  6,  3  dnd  degrees  respec¬ 
tively,  the  most  interestii^  result  of  the  observations  is  per¬ 
haps  the  discovery  of  the  two  types  of  radio  auroral  forms^ 

called  respectively  discrete  and  diffuse  according  to  the  echo 
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appearance,  Leadabrand  et  ai  >  Presnel  et  al  ,  fhe  discrete 
echoes  have  short  duration  and  are  oriented  almost  vertically  in 
the  1  layer,  typiGally  between  90  and  I30  km,  fhese  echoes  occur 
mostly  at  night,  when  the  1  layer  is  in  darlcness,  fhey  often 
appear  to  be  associated  with  auroral  arcs  located  some  600  tem  in 
the  direction  of  geomagnetiG  north  from  College,  fhe  diffuse 
echoes  have  long  duratloin  and  are  oriented  almost  horizontally 
in  the  I  layer,  extending  over  a  few  hundred  kilometers  in  the 
magnetic  North“South  direction,  fhese  echoes  are  almost  Invar* 
iably  associated  with  Scattering  centers  In  the  sunlit  E  layer 
occurring  typically  in  the  height  interval  90»110  km, 

fhe  most  frequently  occurring  height  for  the  scattering 
centers  was  found  to  be  100-110  km  in  agreement  with  earlier 
determinations, 

fhe  observed  eharacteristies  of  both  the  discrete  and  dif¬ 
fuse  echoes  are  in  complete  agreement  with  those  expected  from 
the  theory  of  aspect  sensitive  scattering. 

An  interesting  question  arising  in  connection  with  radio 
aurora  is  whether  aspect  sensitive  scattering  is  maintained  in 


the  HF  range  or  simple  volume  sGattering  finally  takes  overi 
With  a  steadily  weakening  aspect  sensitivity  for  decreasing  fre¬ 
quency,  one  should  eventually  fee  afele  to  obtain  auroral  echoes 
from  the  southi  A  high  resolution  12.3  Mc/s  feackscatter  sounder 
with  rotating  antenna  and  pf J  display  was  operated  at  College 
during  most  of  the  year  isyf^  A  study  of  the  records  reveals 
that  occasionally  during  periods  of  auroral  activity  a  short 
range  1  layer  echo  is  returned  from’  all  azimuths,  Owren  and 
Munsucker  i  The  PPI  display  shows  the  echo  as  forming  a  com¬ 
plete  ring  around  the  station  with  a  typical  minimum  range  in  the 
direction  of  geomagnetic  north  of  IgO  km  and  a  typical  minimum 
range  in  the  direction  of  geomagnetic  south  of  250  km*  Inter¬ 
mediate  range  values  are  obtained  in  the  east  and  west  direGtions. 
thus  the  echo  shows  aspect  sensitivity  and  it  could  fee  returned 
either  by  specular  reflection  from  field-aligned  columns  after 
refraction  In  the  auroral  1  layer  or  fey  off -perpendicular  back- 
scatter.  Refraction  calculations  show  that  for  the  short  slant 
ranges  mentioned,  specular  reflection  is  not  possible  and  the 
echo  is  returned  by  feackscatter  at  angles  between  20  and  30  de¬ 
grees. 

6.  Sunmiary  and  Discussion  of  College  Observations  Between  12^800 
Mg/s 

The  main  observational  facte  concerning  the  College  observa¬ 
tions  over  the  frequency  range  from  12  to  800  Me/s  will  now  be 
summarized  by  means  of  a  set  of  diagrams, 

6.1  Diurnal  variation 

Pig.  VII, 2  shows  the  diurnal  distribution  of  auroral  echoes 


for  the  three  frequeftcies  12^3)  aM  216  Mt/s,  The  12  Me/ s 
data  are  for  long  range  eehoes  propagated  hy  the  F  layer  in  the 
daytiffie  and  the  Is  layer  at  nighty  The  GOineldlng  afternoon 
peaks  for  the  diffuse  216  Me/s  and  the  12  Me/s  echoes  itay  fee 
noted* 

6*2  Range  distrifeution 

Fig*  vil*3  is  remarkafele  feeeause  it  indicates  that  the  range 
cut-off  occurs  at  the  safne  range  of  300  km  for  all  frequencies 
from  41  up  to  3fS  Me/s*  This  result  is  contrary  to  the  predic¬ 
tion  of  the  theory  for  aspect  sensitive  backscatter  and  requires 
explanation*.  Inspection  of  Fig*  Vll,4  may  help  to  provide  the 
clue*  The  solid>  slanting  line  on  this  diagram  Indicates  the 
variation  in  off -perpendicular  angle  as  a  function  of  frequency 
which  results  from  the  SRI  studies*  fhe  solid  horizontal  lines 
represent  the  range  of  values  tafeulated  fey  Peterson^  private 
communication.  The  106  Mc/s  ofeservation  was  made  at  Stanford> 
California*  The  broken  vertical  line  results  if  it  is  assumed 
that  the  eehoes  having  the  shortest  range  are  returned  from  the 
direction  of  the  geomagnetic  north  and  from  a  height  of  100  km. 
This  is  precisely  the  kind  of  assumption  one  has  to  make  in  order 
to  deduee  th^  largest  off -perpendicular  angle  from  the  range  cut¬ 
off  observed  with  a  wide  beam  radar.  The  constant  value  of  7,5* 
for  all  frequencies  between  40  and  400  Me/s  is  then  obtained  from 

a  contour  plot  for  College  of  the  off -perpendicular  intersection 
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angles  at  a  height  of  100  km,  see  Leadaferand  et  al  , 

The  lack  of  variation  in  the  cut-off  range  with  frequency 
can  fee  explained  by  combination  of  several  factors  such  as 


(i)  errors  in  the  range  raeasurefflents>  (ii)  Gonfusion  of  the 
statlstiGs  by  occasiohal  echoes  fro®  height  mnch  lower  than  100 
km  (the  luminous  aurora  can  at  times  penetrate  as  far  down  as 
63  km>)^  (iii)  changes  in  the  longitudinal  Gorrelation  distance 
with  frequency,  we  must  conclude  that  the  observed  cut  ■-off  range 
is  not  a  reliable  indicator  of  the  aspect  sensitivityi 
6i3  Azimuth  distribution 

fig*  VII.5  depicts  the  observed  azimuth  distribution  and  the 
variation  in  the  azimuth  cut-off  as  a  function  of  frequency*  The 
plot  is  centered  on  geomagnetic  north>  but  it  will  be  seen  that 
the  histograms  tend  to  peak  ten  degrees  further  east  which  cor¬ 
responds  to  the  bearing  of  the  magnetic  dip  pole*  The  typical 

700-800  km  range  of  the  echoes  having  the  largest  azimuth  ex¬ 
cursions  are  Indicated*  This  diagram  contains  by  far  the  most 
interesting  set  Of  observational  data  because  a  well  defined  law 
for  the  azimuth  cut-off  as  function  of  frequency  is  indicated* 

The  slanting  broken  curve  provides  the  means  for  a  deterTnination 
of  the  longitudinal  correlation  distance  over  a  wide  frequency 
range, 

6,4  Longitudinal  correlation  distance 

Pig,  Vil,6  shows  the  curve  for  the  longitudinal  correlation 
distance,  L,  as  a  function  of  frequency  which  results  from  the 
azimuth  cut-off  observations.  The  upper,  left  hand  part  of  the 
curve  indicates  that  the  longitudinal  correlation  distance  de¬ 
creases  slowly  with  wavelength  between  100  and  80O  Me/s,  The 
predicted  turnover  at  about  60  Mc/§  is  confirmed,  and  between 
32  and  30  Mc/s  a  rapid  variation  of  L  with  frequency  is  apparent. 


This  rapid  variation  does  profeably  not  refleot  a  real  variation 
in  L  of  this  magnitude  in  the  scattering  medium.  What  we  see 
must  be  an  indlGation  of  the  effect  of  increasing  n©n»^deviatlve 

absorption  as  the  observing  frequency  is  decreased.  The  values 
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for  the  longitudinal  correlation  distance  estimated  by  Booher 
for  the  frequency  range  from  25  to  100  Mc/s  in  Iff 6  and  determined 
by  Presnell  et  al^^  in  1959  the  200-^800  Mc/s  range  is  in» 
serted  for  comparison. 

7.  Auroral  Fading  Rates 

The  literature  contains  many  references  to  the  high  fading 
rates  of  atiroral  echoes  or  aurorally  propagated  ew  signals>  but 
there  is  a  dearth  of  precise  determinations.  The  curves  shown  in 
Pig.  VII. 7  summarize  the  available  information  concerning  the  fre¬ 
quency  variation  of  auroral  fading  rates,  fhe  solid  line  repre¬ 
sents  the  ''rule  of  thumb''  statement  that  the  fading  rate  is  ten 
times  the  frequency  in  megacycles.  The  curve  was  passed  through 
a  point  resulting  from  a  determination  by  the  LinGoln  Laborato¬ 
ries,  M.  I.Ti  at  about  400  Me/s,  Feterson,  private  communication. 

The  solid  line  between  50  and  150  Mc/s  is  based  on  observations 
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by  Bowles  .  The  nuraber  of  samples  are  indicated.  The  broken 
curve  is  the  result  of  a  recent  set  of  observations  from  College, 
Hunsueker,  private  communication.  The  observations  were  made 
simultaneously  on  12  and  18  Mc/s  using  equlpowered  transmitters 
with  scaled  antennas  which  illuminated  the  same  scattering  volume. 

8,  Auroral  Doppler  Shifts 

Measurements  of  the  Doppler  Shift  of  auroral  echoes  have  been 
made  at  College  by  Nicholsl^  in  the  VHP  range  and  by  Leadabrand 


et  Ift  the  VMF  ranges  Nichols  used  two  fixed  ahtenhas  with 

3  db  beamwldths  of  60  deihees  ofiehted  at  approximately  30 
grees  east  ahd  west  of  geomagnetiG  north  and  operated  at  fre-^ 
quenGles  of  4l»15  and  106*0  Mc/s, .  Me  found  the  major  Gomponent 
of  the  auroral  drift  to  lie  in  the  east-^west  direGtion  with  the 
predominant  motion  being  westward  in  the  evening  and  eastward  in 
the  morning  hours* 
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Leadabrand  et  al  utilized  a  steerable  antenna  having  a 
beamwidth  of  3°  and  operating  at  39®  Mc/s*  fhey  also  found  that 
the  Doppler  shift  of  auroral  echoes  was  consistent  with  east^west 
motion>  but  in  Gontrast  to  Niehol’s  result  they  found  no  reversal 
in  the  direction  of  motion  near  magnetiG  midnight,  A  possible 
explanation  of  this  apparent  discrepancy  is  illustrated  in  Pig* 
VII. 8*  In  this  diagram  are  shown  the  regions  from  which  the 
Doppler  shifted  echoes  were  received  by  Nichols  (lightly  shaded 
area)  and  by  Deadabrand  et  al  (solid  black  area)  relative  to  the 
pattern  of  visual  aurora  alignment  and  motion  deduced  by  Davis^, 
Nichol ' s  antennas  received  echoes  to  the  northeast  and  northwest 
of  College  because  of  their  fixed  orientation,  Leadabrand  et  al 
observed  echoes  at  soraewhat  greater  range  and  primarily  from  the 
north  due  to  the  requirement  of  near-perpendicularlty  to  the  field 
lines  at  the  higher  operating  frequency. 

It  is  seen  in  Pig.  VII* 8  that  the  echoes  received  by 
Leadabrand  et  al  ccme  from  the  portion  of  the  visual  auroral 
pattern  of  primarily  southward  motion  of  Irregularities  along  the 
auroral  forms*  No  abrupt  reversal  of  motion  occurs  In  this  por= 
tion  of  the  pattern  as  is  the  case  at  positions  closer  to  College. 
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Near  C&llege  a  reversal  in  motion  from  westward  to  eastward  is 
expeeted  to  oocur  near  looal  magnetic  midnight  *  Using  the 
hypothesis  that  the  direction  of  motion  df  the  reflecting  ioniza¬ 
tion  is  that  indicated  by  the  motion  of  the  visual  aurora,  it  is 
reasonable  that  the  difference  in  the  results  obtained  by  Michols 
and  Leadabrand  et  al  can  be  attributed  to  the  different  regions 
from  which  those  investigators  obtained  the  Soppier  shifted 
auroral  echoes* 

9i  fhe  Radio,  Auroral  Zone 

In  Gonclusion  it  may  be  of  interest  to  consider  the  general 
distribution  of  radio  aurora  over  Alaska.  A  chain  of  five  41 
Me/s  radars  was  operated  in  Alaska  as  part  of  the  IGY  auroral 
program  in  the  u*$.  fhls  chain  was  laid  out  approximately  along 
a  magnetic  North-South  line  between  the  geomagnetic  latitudes  51 
and  63.5  degrees  such  that  the  visual  auroral  zone  was  spanned  by 
overlapping,  fixed  radar  beams,  Prom  the  distribution  of 
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echoing  activity  as  a  function  of  geomagnetic  latitude,  Leonard 
has  deduced  a  very  striking  radio  auroral  gone  which  is  in  good 
agreement  with  the  auroral  zone  determined  from  visual 
Observations  during  IGY,  (See  Pig,  VII, 9) 


APPENDIX 


DlstoftlOn  Magnetic  Field 

The  magnetiG  observations  at  College  at  times  of  major 
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auroral  activity,  Heppher  ,  show  that  at  ground'  level  the  varia- 

tiohs  in  Inelination  are  no  larger  than  1“2  degrees  even  during 

the  most  disturhed  phase,  viz*,  the  negative  My  period  which 

coincides  with  the  auroral  breakupi  Similarly,  Stji^rmer's  observa^ 
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tions  in  southern  Morway^  see  Harang  >  of  the  fluctuations  in 
the  radiant  of  corona  formations  on  occasions  of  very  large 
auroral  displays  shows  that  at,  say>  the  200  km  level  the  inclina= 
tion  changes  do  not  exceed  1--2  degrees.  Neigher  of  these  observa^ 
tions  are  necessarily  representative  of  the  magnitude  of  the  field 
distortions  at  S  layer  heights^  But  they  indicate  that  the 
variations  in  the  dip  angle  at  100=110  km  may  fall  far  short  of 
the  fluctuations  of  the  order  of  7=15  degrees  required  to  explain 
the  radio  observations  in  terms  of  a  "glint"  return  of  the  radio 
waves  at  normal  ineldenee.  Leonard  (private  communication)  has 
compared  the  diurnal  variation  in  inclination  at  Point  Barrow^ 

800  km^  northwest  of  College,  with  the  diurnal  variation  in  oeeur- 
rence  of  4l  Me/s  auroral  radar  echoes  observed  at  College,  He 
finds  that  the  data  indicate  no  close  relationship #  Although  due 
to  lack  of  i  layer  magnet ic  data  we  cannot  reach  a  final  conelu= 
Sion  on  the  role  which  magnetic  field  distortion  plays  in  radio 
wave  returns  from  auroral  ionization,  the  available  evidence 
indicates  that  it  is  not  a  major  factor. 


Mfrastlofi  and  Auroral  E  I^ayer  Electron  Densities 

Independent  studies  of  the  auroral  I  layer  ever  and  near 
Gollege  based  on  regular  vertical  ineidence  soundings  by  Owren 
and  MunsuGicer  j  and  obllque>  sweep  ^frequency  baeksGatter  sound- 
ingSj  Bates,  private  Gommunlcatlon,  both  lead  to  the  result  that 
the  eritlcal  frequenGies  for  the  thick  layer  forfflatlons  fall  in¬ 
side  the  range  of  2--6  Mc/s,  with  4  Mc/s  being  a  representative 
value,  fhus  the  average  eleotron  density  of  the  part  of  the  1 
layer  explored  fey  the  1-25  Mg/s  sounders  is  of  the  order  of  2  x 
lO'  eleGtrons/cm''.  this  finding  does  not  exclude  the  possibility 
that  higher  eleGtron  densities  can  exist  in  limited  volumes  and 
higher  strata  of  the  auroral  E  layer*  But  it  indicates  that  ray- 
bending  of  VHF  waves,  whiGh  must  depend  On  the  average  eleGtron 
density  in  larger  volumes  of  the  1  layer >  must  be  slight*  The 
radiation  from  a  40  Mc/s  radar  used  for  studies  of  radio  aurora 
will  under  tj^lGal  eonditions  be  refracted  through  an  angle  of 
less  than  2  degrees  on  traversing  a  parabolic  E  layer  up  to  the 
level  of  the  maximum  electron  density.  Clearly  refraction  in  the 
auroral  E  layer  cannot  bend  VHP  waves  to  normal  incidence  on  the 
field  lines  in  high  latitudes. 

The  electron  density  in  the  region  of  space  at  the  100  km 
level  which  is  filled  with  auroral  luminosity  can  now  be  fairly 
accurately  estimated  from  absolutely  callferated  photoelectric 
measurements,  Mureray,  private  communication,  finds  from  College, 

observations  of  the  auroral  emission  at  5914A  that  the  electron 
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density  is  of  the  order  of  10  eleetrons/cm'  for  moderately 


bright  aurora.  This  Gorrespdhds  to  a  plasitia  frequency  ©f  about 

10  Mc/s.  For  very  bright  auroral  forms  the  electron  density  is 
7  j  3 

about  10  eleetrons/cm  ^  correspohding  to  a  plasma  frequency  of 
about  30  Me/s*  It  was  also  found  by  Murcray  >  that  the  luminos¬ 
ity  of  the  zenithal  aurora  correlated  well  with  the  upper  fre¬ 
quency  limit  (flsj  for  scatter  observed  simultaneously  from  the 
auroral  I  layer  with  the  College  vertical  incidence  sounder. 

Ah  interesting  HF  echo  from  radio  aurora  has  recently  been 
studied  by  lates  (private  communleation)  with  the  oblique  in 
Incidence  1-25  Mc/s  sounder*  During  disturbed  conditions  a 
"slant  Es"  echo  is  observed  which  extends  nearly  or  entirely  up 
to  the  upper  frequency  limiit*  fhe  linear  range  versus  frequency 
increase  levels  off  at  a  constant  slant  range  of  500  or  60G  km 
above  20-2t  Mc/s*  It  Is  found  that  whenever  this  backscatter 
echo  extends  above  22-23  Mc/s  in  frequency>  an  auroral  echo  is 
also  observed  at  the  same  range  of  500  or  ^OO  km  on  the  41  Mo/s 
radar. 


Volume  Scattering 

:  ^  .  13 

It  has  recently  been  suggested  by  Forsyth  that  pure  volume 

scattering  from  auroral  arcs  which  does  not  in  any  way  depend  on 
field-aligned  structure  may  contribute  substantially  to  the  rec¬ 
eived  radar  echoes.  If  this  theory  were  correct  one  should  ex¬ 
pect  that; 

(a)  Eehoes  were  observed  from  auroral  arcs  at  small  zenith  dist¬ 
ance  (large  elevation  angle)  during  the  first  of  the  three 
phases  of  the  auroral  display.  It  Is  known  that  auroral  D 
layer  absorption  is  low  or  absent  during  this  phase.  The 


strong  auroral  absorption  is  typically  associated  with  the 
breakup  and  the  post  breakup  periods i 
(b)  A  radar  located  in  higher  geomagnetic  latitude  than  the 

auroral  zone>  for  instance  at  Point  iarrow.  Resolute  Say  or 
fhule^  should  mainly  observe  auroral  echoes  from  the  south* 
This  is  due  to  two  circumstances,  namely  favorable  geometry 
for  scatter  from  an  auroral  arc  in  the  south  which  presents 
a  convexly  curved  target  providing  a  certain  focusing  effect^ 
and  the  fact  that  raostly  rayed  auroral  forms  occur  north  of 
the  auroral  zone. 

loth  these  possibilities  have  been  tested  in  carefully  planned 
and  executed  experiments  by  Dyce^^  at  Point  larrow  on  Mc/s 
Using  both  pulse  and  cw  techniques.  The  results  indicated  rather 
conclusively  that  only  aspect  sensitive  type  backscatter  occurs. 
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Fig,  VII. 1  The  pattern  of  auroral  alignment  and  motion 
deduced  for  the  northern  hemisphere  and  showing  the  position 
of  13  high"latitude  stations  relative  to  the  pattern  at  4 
universial  times.  The  stations  are  eollege  (c).  Alert  (A) ^ 
Thule  (T),  Resolute  Bay  (R),  Godhavn  (G),  Baker  Lake  (BL), 
Churchill  '(GH),  Meanook  (M),  Saskatoon  (s),  Kiruna  (K), 
Barrow  (B),  cape  Chelyuskin  (CC),  and  cape  Schmidt  (CS), 

The  fixed  coordinate  system  indicates  geographic  colatitude 
and  local  time,  and  the  mobile  one  indiGates  geomagnetic 
colatitude  and  longitude.  Heavy  lines  represent  the  aurora, 
and  arrowheads  on  the  lines  indicate  the  direction  of  motion 
of  irregularities  along  the  auroral  forms.  The  straight, 
dashed  line  near  midnight  separates  the  regions  of  primarily 
v/estward  and  primarily  eastward  auroral  motion  at  the 
auroral  zone,  (After  Davis,  1961) 
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APPENDIX  I 
Contents  of  Previous  Reports 

Cxj.a  rt  e  r  ly  Prog  re  s,3  Reports ; 

Quarterly  Progress  Report  Nos.  l-5>  7)  8  (1  June  1956  *  31 
August  1957 >  1  DeGember  1957  31  May  1958)  (one  Volume)* 

This  report  Gontalns  a  brief  desGription  of  the  phase* 

Switch  interferometers,  and  the  principal  results  of  the 
analysis  of  one  year’s  recordings.  The  solar  time  and 
zenith  angle  dependence  of  sGintillation  amplitude  are 
discussed  in  detail,  and  an  account  is  given  of  some 
preliminary  angular  scintillation  analysis*  An  adaptation 
of  iooker’s  thaoretical  results  to  the  ease  of  anisotropic 
irregularities  is  included. 

Quarterly  progress  Report  Mo.  6  (1  September  1957  ^  30 
November  1957)*  This  report  contains  a  brief  deseription 
of  the  phase *sweep  interferometer  and  discusses  preliminary 
results  obtained  with  this  equipment.  There  is  an  extensive 
discussion  of  the  long^^duration  fades  of  the  star  signal  and 
their  interpretation.  Some  preliminary  analysis  of  phases 
switch  data  is  included,  but  is  greatly  extended  in  the 
above  report*. 

Supplementary  Progress  Report  (August  1958)*  This  report 
contains  detailed  results  of  the  angular  scintillation 
analysis  at  223  Mc/s*  Curves  showing  RMS  angular  scintilla^ 
tlon  as  a  function  of  index  number  and  the  relative 
probability  of  eeeurrence  of  angular  deviations  greater 
than  a  given  amount  are  included. 


(%)  Quai’tefly  Progress  Report  No.  9  (1  June  195®  “  31  August 
(195®).  further  details  of  the  angular  scintillation 
analysis  at  t23  Mc/s  are  included. 

(5)  Quarterly  progress  Report  No.  10  (1  septemfeer  195®  30 

November  195®).  This  report  contains  the  results  of  angular 
scintillation  analysis  at  456  Mc/s  and  a  brief  description 
of  the  digitizing  e^lpment  designed  for  use  with  the 
phase -sweep  interferometer,  samples  of  power  probability 
distributions  obtained  with  this  equipment  are  Included. 

(6)  Quarterly  Progress  Report  Nos.  11-12  (1  December  195®  ^  31 
May  1959)  (one  volume),  this  report  contains  a  theoretical 
treatment  of  the  probability  distributions  of  received 
power  under  varying  conditions  of  diffracted  wave  intensity* 
A  method  of  relating  our  (hp/f )  parameter  to  the  diffracted 
wave  intensity  is  pointed  out, 

(T)  Quarterly  progress  Report  No,  13  (I  June  1959  31  August 

1959)*  This  report  is  eoneerned  with  the  correlation 
between  scintillation  activity  and  other  parameters  of 
ionospheric  disturbance,  including  magnetic  K»indlees, 
earth  potential  amplitudes,  solar  activity  and  visual 
auroral  activity, 

(II)  Technical  Reports  and  Notes: 

(1)  Technicai  Report  No.  1  (October  1955).  This  report,  pre* 
pared  as  the  initial  task  of  the  project  by  e,  G*  Little, 

W,  M*  Rayton  and  R*  1,  Roof,  was  subtitled  "ionospheric 
Effects  at  VHP  and  UHP",  It  contained  §.  review  of  existing 


knowledge  of  this  field  and  an  extensive  feifellography.  The 
review  Govered  a  wide  scope >  including  the  topics  of  radar 
reflections  from  aurora^  absorption,  auroral  radio  noise, 
Ionospheric  refraction,  radio  star  scintillation,  and  radar 
reflections  from  meteors  and  the  moon* 

(2)  Final  Report  (Fhase  i)  (February  1959} •  This  report  was 
primarily  intended  to  cover  the  engineering  aspects  of  the 
project  (Phase  i),  but  the  first  section  was  devoted  to  a 
general  description  of  the  aims  of  the  experiment  and  of  the 
techniques  used*  The  second  and  third  sections  contained 
respectively  descriptions  of  the  field  installation  and  the 
electronic  circuits  of  the  phase»switch  interferometer* 

(3)  lupplement  to  Final  Report  (Phase  |)  (January  i960).  This 
report  was  Intended  to  supplement  the  above  report  by  in^ 
eluding  the  electronic  circuitry  associated  with  the  phase 
sweep  interferometers,  including  the  digitising  and  data- 
processing  equipment* 

(HI)  Papers  Published  in  the  Open  Literature  and  Presented  at 
gclentlf Ic  Gonf erences ; 

(1)  "Review  of  Ionospheric  Effects  at  VHF  and  UHF"  by  c,  G. 
Little,  W,  M,  Rayton  and  R,  B,  Roof,  Proc.  I.R.E.,  Vol,  44, 
pp,  992-1018,  (August  1956)*  This  paper  was  substantially 
Identical  to  Technical  Report  No.  1  described  above, 

(2)  "Fluctuations  in  the  Apparent  Amplitude  and  Position  of 
Extraterrestrial  Radio  Sources  as  Observed  near  the  Auroral 
Zone"  by  j,  M.  Lansinger,  c,  G.  Little,  R.  p,  Merritt  and 
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1,  Stlltftgfi  Pape?  i^ead  at  Commlssioft  5  Meeting  of  yRSI> 
Washington,  D»  C*,  May  1957*  this  paper  contained  a  ferief 
description  ©f  the  project  and  its  aims,  and  a  preliminary 
account  of  results  on  amplitude  and  angular  scintillatloni 
(3)  "Observations  of  the  zenith  Angle  Bependence  of  Radio  Star 
Scintillations  at  ManGhester,  England  and  college^  Alaska" 
by  Oi  Gc  Little*  Paper  read  at  commission  3  Meeting  of 
uftSI,  Pennsylvania  State  iJniversity^  October  1958*  This 
paper  is  concerned  with  the  very  great  discrepancies  between 
observed  zenith  angle  dependence  of  radio  star  scintillation 
and  the  theoretical  dependence  recently  proposed  by  looker. 
An  explanation  of  these  diSGrepancies  is  given  by  taking 
into  account  the  field-alignment  of  the  ionospheric 
irregularities  causing  the  scintillation  and  the  finite 
angular  dimensions  of  the  radio  sourees* 
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